Abstract: Free oligosaccharides (FOS) in the cytosol of eukaryotic cells are mainly generated during endoplasmic reticulum-associated degradation (ERAD) of misfolded glycoproteins. We characterized the enzymes involved in generation and degradation of FOS in the nematode Caenorhabditis elegans. 1) Peptide: N-glycanase (PNGase) from Caenorhabditis elegans, which releases FOS from misfolded glycoproteins in the cytosol, was shown to be a unique bifunctional enzyme having both deglycosylation and protein disulfide reductase activities. 2) Endo-β-N-acetylglucosaminidase was proven to release a single GlcNAc residue at the reducing end of FOS in vivo. 3) Luminal class 1 α-mannosidases, probably Golgi α-mannosidase I, was involved in generation of M5A isoform of Man5GlcNAc1 that is specific to C. elegans.
Endo β N acetylglucosaminidase (ENGase) is an endoglycosidase acting on N,N diacetylchitobiose moiety of N glycan linked to Asn residue of various N glycoproteins. We found the enzyme activity in a filamentous fungus Mucor hiemalis isolated from soil, and termed it Endo M. 1 3) Endo M has broad substrate specificity toward all types of N glycan: high mannose , hybrid and complex type. Furthermore, since Endo M possesses strong transglycosylation activity as well as hydrolytic activity, we have employed the enzyme to syntheses of various glycoconjugates including bioactive glycopeptides and glycopolymers.
4 7) We subsequently cloned the gene encoding Endo M, 8) which is quite different in amino acid sequence from the previously known bacterial ENGases, such as Endo H from Streptomyces plicatus 9) and Endo F from Elizabethkingia meningoseptica (=Flavobacterium meningosepticum).
10,11)
The latter two enzymes hardly showed the transglycosylation activity unlike to Endo M. After that, Endo M was classified into a new glycoside hydrolase family 85 (GH85) in the CAZy database (http: www.cazy.org ), whereas Endo H and Endo F belong to GH18 consisting of a lot of chitinases. In 1999, we found that a putative homologue of Endo M in the Caenorhabditis elegans genome that had been just sequenced completely.
12) At that time, it was known that ENGase activity could be detected in some tissues cells of animals including hen oviduct, rat liver and human skin fibroblasts, but the gene had not yet identified. Thus we attempted to clone it to clarify the function of ENGase in animals.
Recent studies revealed that eukaryotic ENGase, which localizes in the cytosol, may be involved in degradation of the free oligosaccharides (FOS) released by peptide: N glycanase (PNGase) from misfolded N glycoproteins retrotransported to the cytosol from the endoplasmic reticulum (ER) lumen through the ER associated degradation (ERAD) system. 13 16) In this review, we describe the enzymes involved in generation and degradation of FOS in C. elegans.
Peptide: N-glycanase from C. elegans, a unique bifunctional enzyme. PNGase (peptide N 4 (N acetyl β D glucosaminyl) asparagine amidase) (EC 3.5.1.52) is a FOS releasing enzyme that hydrolyzes the β asparatylglucosaminyl bond of N glycan on glycoproteins. A gene encoding the cytosolic PNGase in eukaryotic cells was first cloned from yeast Saccharomyces cerevisiae, and the enzyme was found to be widely conserved among eukaryotes. 17, 18) Various lines of evidence have demonstrated that this enzyme is involved in the deglycosylation of misfolded glycoproteins in the cytosol during the process of ERAD. 19 21) PNGase from mammals forms an ERAD complex with p97 Cdc 48 VCP (a cytosolic AAA ATPase), Derlin 1 (a putative dislocon channel) and AMFR (an ER associated ubiquitin ligase E3), through the PUB (peptide: N glycanase UBA or UBX containing proteins) domain near N terminus. 22) On the other hand, PNGase form C. elegans contains an apparent thioredoxin like domain, but not PUB domain, at N terminus. Thioredoxin like domain is found in many oxidoreductases as well as in thioredoxin itself, which is an evolutionarily conserved small protein with important functions in many cellular processes including gene expression, signal transduction, and proliferation. 23, 24) Since there is no report describing the presence of a thioredoxin like domain in glycan processing enzymes, we tested whether this domain in worm PNGase has any role or not. We cloned png-1 cDNA from C. elegans, which is encoded by the gene F56G4.5, 25) and expressed in E. coli. The transglutaminase domain (amino acid residues 245 297) containing the catalytic triad (C251, H278 and D295) required for PNGase activity was found in the central part, and thioredoxin like domain (amino acid residues 3 106) containing the putative active site (WC 34 GPC 37 ) was near N terminus ( Fig. 1 (A) ). The recombinant PNG 1 could deglycosylated heat denatured RNase B, but not native one ( Fig. 1 (B) ), which is similar to yeast PNGase. 26) PNG 1 also showed protein disulfide reductase activity monitored by insulin reduction assay ( Fig. 1 (C) ). In this assay, enzyme activity is monitored by an increase in turbidity caused by the formation of a precipitate of the dissociated insulin B chain, as a result of reduction of the disulfide bonds between insulin A and B chains. 27) On the other hand, the mutant PNG 1,
C34S C37S
in which two Cys residues (C34 and C37) in the putative catalytic site were substituted to Ser, failed to reduce the disulfide bond of insulin, indicating that the Cys residues in WC 34 GPC 37 are responsible for the insulin disulfide reductase activity of PNG 1. These mutations caused no change in PNGase (deglycosylation) activity in vitro. Thus, PNG 1 from C. elegans is a unique bifunctional enzyme having both thioredoxin activity and deglycosylation activity. Since it was reported that deletion of N terminal thioredoxin like domain abolished PNGase activity in vivo using S. cerevisiae system, the thioredoxin activity or N terminal domain itself may affect the conformation or expression stability of PNG 1.
28)
Endo-β-N-acetylglucosaminidase is involved in FOS metabolism in the cytosol. It was speculated that FOS released by PNGase, having two GlcNAc at reducing end (FOS GN2), were then hydrolyzed by ENGase (EC 3.2.1.96) to generate FOS with a single GlcNAc at reducing end (FOS GN1), but direct evidence was missing. On the basis of sequence homology with Endo M, we cloned the ENG 1 cDNA from C. elegans, which is encoded by F01F1.10. 29) ENG 1 is a 433 amino acid polypeptide and exhibited 34% identity with Endo M. The human gene encoding ENGase was also reported around the same time. 30) ENGases from various animals including vertebrates and invertebrates belong to GH85 and the putative homologues are found from several plants, protozoa and fungi, but not from yeast Saccharomyces cerevisiae and Schizosaccharomyces pombe. GH85 also contains several bacterial ENGases such as Endo A (Arthrobacter protophormiae) 31) and Endo D (Streptococcus pneumoniae), 32) which are distinct from GH18 ENGases (Endo H, Endo F, etc.).
The substrate specificity of recombinant ENG 1 expressed in E. coli was examined with the various pyridylamino (PA) sugar chains. High mannose type sugar chains were preferably hydrolyzed, whereas the complex type sugar chains were hardly hydrolyzed. Notably, ENG 1 showed the transglycosylation activity using Man6GlcNAc2Asn as a donor and glucose as an acceptor.
The transglycosylation mechanism of GH85 ENGase was better studied using Endo M (Fig. 2) . 33) Generally, glycosidases have two acidic residues in the catalytic site: one acts as general acid base and the other nucleophile. Exceptionally, GH85 enzymes as well as GH18, GH20 and GH84 enzymes acting on β GlcNAc GalNAc linkage have only a single acidic residue (catalytic proton donor) in their active site, and instead these enzymes catalyze via an unusual substrate assisted mechanism in which 2 acetamide group of (−1)GlcNAc GalNAc functions as a nucleophile to form an oxazolinium ion intermediate. 34) In Endo M, E177 is the catalytic proton donor, because E 177A mutant completely lost the enzyme activity. We found two interesting mutants of Endo M. The N175A mutant showed glycosynthase like activity, which did not hydrolyze the natural substrates but transglycosylated chemically synthesized oxazoline sugar chains. Once transglycosylation occurred, N175A never hydrolyzed the products again. This is the first report of the glycosynthase derived from enzymes with substrate assisted catalytic mechanism. Another mutant Y217F showed much higher affinity for acceptor substrate, 4 methylumbelliferyl β GlcNAc, than the wild type. Removal of hydroxyl group of tyrosine residue may form hydrophobic environment of catalytic site to accommodate GlcNAc rather than water molecule. These important residues in Endo M are completely conserved in ENG 1 from C. elegans, suggest- ing both enzymes have similar catalytic mechanism. At this time, however, it is unclear whether transglycosylation activity of ENG 1 has some function in vivo or not.
To confirm the involvement of ENGase on FOS metabolism in the cytosol of C. elegans, we analyzed the FOS of both wild type and ENGase null mutant tm1208. 35) FOS were extracted from worms, PA labeled, and analyzed by HPLC. FOS GN1 and FOS GN2 could be separated by reverse phase HPLC. 36) Each fraction containing FOS GN1 or FOS GN2 was concentrated and further analyzed by size fractionation HPLC. Peaks were identified by comparison with the retention times of the standard PA sugar chains, and further confirmed by ESI MS analyses and exoglycosidase digestion using jack bean α mannosidase and Aspergillus saitoi α1,2 specific mannosidase (Table 1 ). In the wild type, the amount of FOS GN1 species (sum of Man5GlcNAc1 Man9GlcNAc1) was major, whereas in the eng 1 mutant (tm1208), GN2 species (sum of Man5GlcNAc2 Man9GlcNAc2) was accumulated, although the total amount of FOS was smaller than that of the wild type (Fig. 3) . ENG 1 has no apparent signal sequence at N terminus and the protein expressed in CHO K1 cells was distributed throughout the cytosol, suggesting that ENG 1 substantially contributes to the conversion of FOS GN2 into FOS GN1 in the cytosol. This was the first report that ENGase really involved in FOS metabolism.
C. elegans does not have cytosolic α-mannosidase.
In our analyses, the M5A isoform [Manα1 3(Manα1 6)Manα1 6(Manα1 3)Manβ1 4GlcNAc] was the major FOS in the wild type C. elegans, 35) whereas in mammals the M5B isoform [Manα1 2Manα1 2Manα1 3(Manα1 6) Manβ1 4GlcNAc] is the major (Table 1) . 37 40) The mammalian M5B isoform is generated by the actions of the cytosolic α mannosidase (Man2C1), which is classified as a class 2 α mannosidase. 41) However, no candidate of cytosolic α mannosidase homologue was found in the C. elegans genome as revealed by phylogenetic analysis (Fig. 4) . Furthermore, we could not detect any neutral α mannosidase activity in the cytosolic fraction of C. elegans using p nitrophenyl α mannopyranoside as a substrate, though its activity in mammals is detectable using the same substrate. Since the oligosaccharide structure of M5A is identical to the part of the intermediate of N glycan processing, which is formed in the cis Golgi compartment by Golgi α mannosidase I, we speculated that the M5A isoform of FOS in C. elegans is produced in Golgi compartment as a consequence of the action of Golgi α mannosidase I, a class 1 α mannosidase. To confirm this assumption, we employed specific inhibitors for Golgi α mannosidase I, because there are at least two candidates of Golgi α mannosidase I, C52E4.5 and D2030.1, in the C. elegans genome (Fig. 4) . As expected, after the treatment of wild type worms with deoxymannojirimycin or kifnensin, an increase in the amounts of Man6GlcNAc1 and Man7GlcNAc1 and a concomitant decrease in the amount of Man5GlcNAc1 was observed. This result suggested that a class 1 α mannosidase (possibly Golgi α mannosidase I) is involved in the processing of Man7GlcNAc1 into Man6GlcNAc1 or Man5GlcNAc1, and Predicted α mannosidases in the C. elegans genome (ORF names in bold italic) and some α mannosidases from the human, mouse, rat and Saccharomyces cerevisiae were used. Class 2 α mannosidases (GH family 38, the portion above the dashed line) includes the cytosolic α mannosidase, Golgi α mannosidase II and lysosomal α mannosidase. Class 1 α mannosidase (GH family 47, the portion below the dashed line) includes ER α mannosidase I, Golgi α mannosidase I and EDEM. also suggested that misfolded glycoproteins to be degraded are transported to the Golgi apparatus, and there subjected to the action of Golgi α mannosidase I (Fig. 5) . 35) The genome of C. elegans contains seven putative class 1 α mannosidases: two ER α mannosidases (T03G11.4 and ZC410.3), two Golgi α mannosidases and three EDEMs (ER degradation enhancing α mannosidase like proteins) (C47E12.3, F10C2.5 and ZC506.1) (Fig. 4) . Although C. elegans ER α mannosidases have not yet been characterized, the mammalian ER α mannosidase is potentially inhibited by deoxymannojirimycin and kifnensin. 42, 43) Furthermore, it was recently reported that mammalian EDEMs, especially EDEM1 and EDEM3, have some α mannosidase activity, 44, 45) which had been described as lectin like proteins without enzyme activity. 46 48) Therefore involvement of ER α mannosidases and EDEMs on FOS generation should be tested in the future. Anyway no cytosolic α mannosidase is involved in the degradation of FOS in C. elegans, which is quite different from mammals (Fig. 5) In mammal, cytosolic class 2 α mannsoidase functions in trimming of several Man residues of FOS. On the other hand, in C. elegans, class 1 mannosidases in the ER Golgi lumen trim the α1,2 linked Man residues to generate specific M5A isoform. 
